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Thermal conversion of biomass via pyrolysis, torrefaction, or liquefaction is an attractive process with 
significant economic potential. The main challenge of this technology is the upgrading of the intermediate 
liquid product (bio-oil) due to its complex composition. The components of bio-oil can be divided into 
light aqueous soluble oxygenates, furanics, phenolics, sugars and anhydrosugars, and larger oligomers. 
Since any single upgrading approach can only target the conversion of one or two families of compounds 
a combination of separation and conversion is necessary. 

A number of fundamental studies with model compounds have been done in the last few years and 
important concepts about reaction mechanisms and nature of active catalysts have been developed. 
Unfortunately, the complexity of bio-oil has hampered the impact of these fundamental studies on the 
practical applications. It is an important challenge to predict how each compound or family of compounds 
will behave over a catalyst in the presence of other families, when the entire mixture is fed. It is impor¬ 
tant to take into account that catalysts may quickly deactivate if the entire bio-oil is present, even when 
they were effective in the presence of a more pure stream. This knowledge should help guide the sepa¬ 
ration to evaluate the most effective catalytic upgrading strategies. The present review highlights recent 
advancements made with the conversion of model compounds present in bio-oil, as well as strategies to 
combine this knowledge with separation advancements in an effort to increase the amount of carbon in 
the biomass that can be economically converted to fuels and chemicals. 

© 2014 Elsevier B.V. All rights reserved. 


1. Introduction 

The conversion of biomass to liquid fuels and chemicals through 
fast pyrolysis, torrefaction, or liquefaction carries great economic 
potential over alternative methods such as fermentation or gasifi¬ 
cation [1-3], These techniques utilize heating in the absence of air 
to produce solid, liquid, and gas streams. A significant fraction of 
energy goes into the growth, harvesting, and transportation, but the 
final liquid product can be converted into fungible fuel if properly 
upgraded. The challenge lies in the complexity of this liquid stream, 
which may lead to low liquid yields after upgrading. Biomass fast 
pyrolysis oil, or bio-oil, contains over 400 different oxygenated 
compounds with a variety of functional groups [4-6], These com¬ 
pounds can be divided into several families, including light aqueous 
soluble oxygenates, furanics, phenolics, sugars and anhydrosugars, 
and larger oligomers. Unfortunately, any single catalytic approach 
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could only target the conversion of one or two families of com¬ 
pounds to valuable products, while sacrificing the rest to coke or 
light gases. 

The most common upgrading approach is to add hydrogen to 
the biomass via hydrotreating in an attempt to remove the oxygen 
while preserving the C-C bonds. Unfortunately, a backbone of six 
carbons is the lower limit of what can be incorporated into liquid 
transportation fuels due to the high vapor pressures of short carbon 
chain hydrocarbons. 40-60% of the carbon in the bio-oil consists 
of light oxygenates containing 5 carbons or less. 8 e.g. formic acid 
(1 carbon); acetic acid, glycolaldehyde (2 carbons); propionic acid, 
acetol (3 carbons); furan, butanoic acid (4 carbons), furfural, fur- 
furyl alcohol (5 carbons) are among the most abundant compounds 
in this range. 

This means that the most commonly proposed approach of 
pyrolysis followed by hydrotreating [7] can only convert a fraction 
of the carbon in the bio-oil to gasoline range compounds, while 
wasting the rest as light gases. An alternative approach of promot¬ 
ing condensation reactions to build C-C chains would be effective 
for the conversion of the light molecules containing 5 or fewer 
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carbons to build the carbon chain length up to the gasoline/diesel 
range. However, the conditions necessary for this condensation also 
typically favor polymerization of the larger oxygenates to produce a 
resin that is difficult to upgrade catalytically and ultimately yields 
low-value coke. Any single catalytic upgrading strategy with the 
entire bio-oil sacrifices a significant portion of the biomass in an 
effort to upgrade the rest, which is why single catalytic approaches 
typically result in a small portion of the carbon in the biomass 
ending up as liquid hydrocarbon fuel [8], 

In order to improve the amount of carbon in the biomass that 
is converted to valuable liquid products, the various compounds 
and functional groups present in bio-oil need to be separated, at 
least to some degree to make them controllable. This would allow 
catalysts and conditions that favor the production of valuable fuel 
range compounds and chemicals, rather than undesirable losses to 
polymerization products, coke, and light gases. 

Obviously, the introduction of additional separation steps would 
lead to higher costs. However, the benefits in the net volume 
of transportation fuel produced from a given amount of biomass 
resulting from an additional separation step could outweigh the 
additional processing costs. Since the fraction of carbon lost with 
current technologies is exceedingly high, there is significant room 
for process improvement. 

The separation of compounds present in bio-oil is not an easy 
task. Due to the variety of chemical functional groups present, 
bio-oils are reactive and chemically unstable. Even at room tem¬ 
perature, compounds present in the mixture of bio-oils slowly 
polymerize and produce resins that cannot be easily upgraded [8,9], 
Distillation is not an effective route for the separation of com¬ 
ponents since increased temperatures accelerate polymerization 
rapidly leading to tar formation. One very simple approach that has 
been utilized is the addition of a solvent. If a hydrocarbon-based 
solvent like tetralin or water/organic solvent mixture is added 
to the bio-oil, a phase separation results. The more polar com¬ 
pounds partition preferentially in the aqueous phase, while the 
less polar ones are enriched in the organic phase. Unfortunately, 
this simple separation does not solve all of the problems since only 
a small fraction of compounds remain in the organic phase and, 
more importantly, there is a variety of bio-oil components that are 
immiscible in both water and organic solvent. For example, starting 
with a raw bio-oil stream and diluting it in water at high dilu¬ 
tion produces a low-viscosity mixture. Upon introducing this dilute 
stream into a biphasic mixture of a hydrocarbon-based solvent like 
tetralin and water, the compounds in the bio-oil phase separate 
into hydrocarbon-soluble, water-soluble, and insoluble fractions. 
More troublesome, upon heating this dilute stream, a tar with much 
higher viscosity than the original bio-oil is obtained, despite the 
high dilution in water and oil. This experiment demonstrates the 
complexity of the problem of dealing with these compounds in a 
single mixture. 

Additional separation strategies exist, including the sequential 
condensation of pyrolysis oil vapors [10], more complex sol¬ 
vent extraction [11-14], and staged thermal degradation of the 
biomass [15], However, one of the important challenges associ¬ 
ated with the effectiveness of separation techniques lies in deciding 
what the targets for separation should be. Should the separa¬ 
tion be aimed at creating streams that are more amenable for 
storage and transportation? or, should they maximize the poten¬ 
tial liquid product after catalytic upgrading? Separation is only 
effective if one knows how to take advantage of the compounds 
that are present and missing from the streams resulting from the 
separation. 

This uncertainty has hampered the impact of fundamental stud¬ 
ies with model compounds on the practical applications. Due to 
the complexity of bio-oils, it is a challenge to predict how each 
compound or family of compounds will behave over a catalyst in 


the presence of other families, when the entire mixture is fed. 
This complexity obscures not only the analysis, but the effect of 
crucial phenomena such as catalyst deactivation and competitive 
adsorption on catalyst performance. It may have prompted some 
applied researchers working with real mixtures to discount the 
value of model compound studies and lean to more empirical 
approaches. 

The addition of a catalyst in situ during the pyrolysis, so-called 
“catalytic pyrolysis,” generates partially upgraded bio-oils with 
modified characteristics that are easier to separate due to the cre¬ 
ation of more hydrophobic product molecules. It is important to 
note that catalytic pyrolysis is generally viewed as the upgrad¬ 
ing of primary pyrolysis vapors, rather than a modification of the 
pyrolysis process itself, which is responsible for the generation 
of initial pyrolysis vapors [16], Therefore, the catalyst essentially 
is in contact with the entire mixture of primary pyrolysis vapors 
generated during such processes. Because of this, the location of a 
catalyst with respect to the primary pyrolysis vapors is an impor¬ 
tant consideration for reactor design, but will not be the focus of this 
review. 

In order to improve the overall process, one should learn from 
the results from model compounds, but taking into account that 
catalysts may quickly deactivate if the entire bio-oil is present, even 
when they were effective in the presence of a more pure stream. 
This knowledge should help guide the separation to evaluate the 
most effective catalytic upgrading strategies. The present review 
highlights recent advances made with the conversion of model 
compounds present in bio-oil, as well as strategies to combine this 
knowledge with separation advances in an effort to increase the 
amount of carbon in the biomass that can be economically con¬ 
verted to fuels and chemicals. 


2. Staged and thermal fractionation 

In fast pyrolysis, biomass is very rapidly heated to ~500 °C in the 
absence of air, which converts solid biomass to a liquid bio-oil with 
liquid yields as high as 70%, with the remaining part of the biomass 
converted to noncondensable gases, solid char, and ash. Biomass 
residence time in a fast pyrolysis reactor is typically 1-2 s. By con¬ 
trast, torrefaction is carried out at lower temperatures (200-320 °C) 
for longer periods of time (i.e., residence time of minutes). Torrefac¬ 
tion is generally carried out in order to produce a higher energy 
density solid, and the water and light gases, which are generated 
during torrefaction are generally not captured, although they may 
be used as fuel to heat the biomass. 

Fractionation via staged condensation of the bio-oil to obtain 
multiple, less complex liquid product streams has been proposed by 
Pollard et al. [17], In this method, the pyrolysis vapors are sequen¬ 
tially condensed, so the heavier products are condensed first and 
the lighter ones, later. This approach consists of three traps, main¬ 
tained at temperatures of 102, 77, and 18 °C, respectively coupled 
with electrostatic precipitators between each step. By using this 
approach, some separation of the chemical groups is obtained. For 
example, the heaviest fraction obtained in the first high tempera¬ 
ture trap consists of mainly levoglucosan as well as larger phenolic 
and sugar oligomers. The final low temperature trap is enriched in 
acetic acid present in the bio-oil along with several other lighter 
boiling oxygenates [17], 

A limitation of this approach is that the vapor product starts 
with the entire composition and one could not accomplish a differ¬ 
entiated catalytic upgrading of the different families of compounds. 
While separation by sequential condensation may minimize some 
of the complex interactions mentioned above, oligomerization and 
polymerization in the liquid phase before stabilization may still be 
a problem. 
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Fig. 1 . Torrefaction/pyrolysis reproduced from ref. [18], 


Alternatively, instead of separating different families of com¬ 
pounds from a common vapor stream by staged condensation 
of the already pyrolyzed biomass, one can stage the thermal 
processing of the solid biomass, by carrying out the treatment at 
successively higher temperatures and producing different vapor 
product streams, which individually are far less complex than 
whole pyrolysis oil. These product streams can be catalytically 
upgraded immediately to less unstable streams, suitable for trans¬ 
portation to further upgrading units or to petroleum refineries. The 
three fundamental structural polymers of biomass, hemicellulose, 
cellulose and lignin decompose over different temperature ranges, 
as shown in Fig. 1, reproduced from ref. [18], While cellulose is a 
homopolymer, hemicellulose and lignin are formed from several 
different monomeric compounds that give rise to broader ranges 
of decomposition temperatures. Generally, hemicellulose (repre¬ 
sented in Fig. 1 by xylan) starts de-polymerizing at the lowest 
temperature, cellulose at a more distinct intermediate temperature 
(see sharp derivative peak), and lignin over a broader range, lean¬ 
ing to higher temperatures. These ranges are variable depending 
on the actual compositions, but also the inter-crosslinking between 
them as well as other factors, such as the catalytic mineral content. 
During low temperature torrefaction, hemicellulose is the fraction 
that predominantly degrades and evolves vapors that include acetic 
acid and furfural as major oxygenates, together with lesser amounts 
of C1-C4 oxygenates and anhydrosugars. At intermediate temper¬ 
atures, degradation of cellulose becomes more prominent and it 
evolves vapors including levoglucosan and hydroxyacetaldehyde, 
as well as lesser amounts of smaller oxygenates including acetic 
acid, furfural, acetol, and others. At the highest pyrolysis tempera¬ 
ture, degradation of the (mostly lignin) fractions remaining in the 
solid results in the evolution of a mixture of singly- and multiply- 
methoxylated phenolics (e.g., guaiacol, syringol), catechols, phenol, 
and other lignin monomers, as well as smaller amounts of lignin 
dimers, trimers, etc. As illustrated in Table 1, preliminary results 

Table 1 

Yield of different product fractions as a function of thermal conversion temperatures. 
Temperature (°C) 240 360 500 Cumulative 

Liquid yield (wt. %) 9.4 

Solid yield (wt. %) 84.3 

Gas yield (wt. %) 6.1 

Total (wt. %) 99.8 


show that it may be feasible to retain a similar liquid product yield 
as that from a single high temperature pyrolysis experiment, but 
with simplified compositions. 

3. Upgrading of different bio-oil fractions 

3.1. Upgrading of light acids 

Acetic acid is the most abundant compound in biomass pyrol¬ 
ysis oil [19], Acetic acid arises primarily from the decomposition 
of hemicellulose present in the bio-oil, but some acetic acid is pro¬ 
duced via the decomposition of the lignin portion of biomass as well 
[20], In addition to being the most abundant compound present in 
bio-oil, acetic acid is also one of the most problematic products 
[27], The acidity that accompanies the light carboxylic acids makes 
the bio-oil corrosive while also accelerating the polymerization of 
other species in the bio-oil mixture. 

Because the light acids contained in bio-oils consist of mostly 
acetic with some propionic acid containing two to three carbons, 
any strategies to convert these compounds to fuel-range species 
must consider either selectively forming alcohols or building the 
C-C chain to the gasoline/diesel range. 

3.1.1. Selective hydrogenation of acetic acid to ethanol 

One option for the conversion of acetic acid is to hydrogenate it 
selectively to ethanol. This is a challenging task, as the conditions 
necessary for the conversion of acids to alcohols are more severe 
than those necessary for the hydrogenation of most chemical func¬ 
tional groups present in biomass due to the low reactivity of the 
carboxylic group with hydrogen [21 ]. At elevated temperatures in 
the presence of acidic supports, the produced alcohols may also 
dehydrate to the corresponding olefins, yielding low value light 
gases. 

The hydrogenation of carboxylic acids has been studied over a 
variety of metals including Ni, Cu, Rh, and Ru [22], The role of the 
support has also been investigated. For example, Primo et al. [23] 
studied the selective hydrogenation of acetic acid to ethanol over 
Ru supported on C and Ti0 2 . They observed a three-fold increase in 
TOF when Ru was supported on Ti0 2 . Based on IR data of adsorbed 
acids over the various catalysts, they proposed that this enhanced 
activity can be ascribed to the activation of the carboxylic acids over 
the Ti0 2 support, followed by hydrogen through the metal function. 
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3.1.2. Ketonization of acetic acid to acetone 

Another very attractive technique used for the upgrading of car¬ 
boxylic acids it to convert them to ketones through ketonization, 
also known as ketonic decarboxylation. Through this reaction, two 
carboxylic acids are converted to a ketone, CO2 and water, as fol¬ 
lows: 

RjCOOH + R 2 COOH Rj COR 2 + C0 2 + H 2 0 

For a variety of reasons, ketonization is one of the most 
important reactions to be considered for the conversion of light 
oxygenates. First, an appealing factor of this reaction is that it does 
not require hydrogen to remove oxygen. Second, it can be con¬ 
ducted over metal oxides such as TiC>2 that are far cheaper than 
the noble metals typically required for hydrogenation. Third, and 
most important, the ketonization reaction converts corrosive acids 
to more stable ketones with a longer carbon backbone. For exam¬ 
ple, in the ketonization of acetic acid, acetone is the major product. 
Acetone is an attractive building block that has the potential to 
enter the transportation fuel range through a variety of routes. 
Acetone may be selectively hydrogenated to isopropanol, which 
is more appealing as a direct additive to the gasoline pool for a 
variety of reasons (high octane, clean burning, low vapor pressure, 
etc.). Isopropanol may also be used as a liquid phase precursor for 
alkylation of the lignin derived products to directly incorporate 
this carbon in the gasoline/diesel fuel range as will be discussed in 
more detail in Section 6. In addition to the potential conversion to 
isopropanol, acetone may also undergo direct aldol condensation, 
either with furanic compounds or with itself, yielding intermedi¬ 
ate products that after hydrogenation can be incorporated into the 
gasoline/diesel range. In summary, the ketonization reaction is a 
very appealing route to produce compounds that can be incorpo¬ 
rated into liquid transportation fuels. 

3.1.3. Ketonization mechanisms on oxide catalysts 

The mechanism of the ketonization reaction has been a subject 
of debate over the past few decades. The reaction is known to occur 
via the decomposition of salts, via surface reactions over reducible 
oxides, and over zeolites. The mechanism of the ketonization reac¬ 
tion has been the subject of several reviews [24-26] including a 
recent one from us that highlights the possible mechanisms over 
oxides and zeolites, as well as potential for this reaction in the 
upgrading of bio-oils [27], Perhaps, the most controversial mecha¬ 
nistic topic surrounding the ketonization reaction has been about 
the nature of the active intermediates and active sites necessary for 
the surface reactions over reducible oxides. Several active interme¬ 
diates have been proposed as necessary to carry out this reaction 
by various groups, ranging from ketene and ketene-like species 
to acid anhydrides, and (3-ketoacids [28-30], Prominent work in 
this area was conducted by Ponec and co-workers, who persua¬ 
sively demonstrated that at least one of the molecules involved in 
the ketonization requires an a-hydrogen [31], The importance of 
the a-hydrogen was further emphasized by Nagashima et al. [32], 
Recent work by our group and others [27,33-36] has highlighted 
the critical role of the active sites in the formation of a (3-ketoacid 
intermediate prior to decarboxylation. It has been known for long 
time that (3-ketoacids readily decompose via decarboxylation to 
produce CO2 and a ketone [37], The important role of this interme¬ 
diate in the surface catalyzed ketonization over oxide catalysts is 
gradually gaining consensus [27], 

3.1.4. Role of the presence of liquid water in ketonization 

A significant advancement in the field pertaining to the uti¬ 
lization of bio-oil is the ability to conduct this reaction in the 
presence of water. Our group has recently demonstrated that by 
pre-reducing a Ti0 2 support, Ti cations become exposed, thus 


creating new active sites that catalyze the ketonization reaction 
even in the presence of liquid water. Fig. 2 shows a proposed reac¬ 
tion mechanism occurring in the presence of water over reduced 
Ti02 catalysts. By reducing the catalyst in hydrogen and adding Ru 
to promote the reduction, the Ti 3+ sites generated on the Ti02 sur¬ 
face are stable under aqueous conditions, as has been demonstrated 
via EPR measurements. Adjacent sites are able to adsorb carboxylic 
acids and produce the (3-ketoacid intermediate via C-C bond for¬ 
mation [36], This intermediate readily decarboxylates, even under 
mild aqueous conditions, generating the ketone product. These 
conclusions have been further supported by our own kinetics stud¬ 
ies over a pre-reduced Ru/TiC>2 catalyst, which are consistent with 
a bimolecular surface reaction [38], The nature of the reactive 
intermediate was later investigated in further detail on a series of 
aliphatic carboxylic acids with varying chain lengths over the same 
pre-reduced Ru/Ti0 2 catalyst. It was found that the carbon chain 
length did not have any measurable effect on the heat of adsorp¬ 
tion, indicating that the surface carboxylate group is the common 
feature for all acids regardless of the alkyl chain and responsible 
for the strong binding to exposed Ti n+ cations. In addition, a careful 
analysis of the kinetics indicates an increase in activation enthalpy 
as the carbon chain length increases from acetic to butyric acid, 
which is consistent with an early transition state (i.e., C-C bond for¬ 
mation) since a larger alkyl chain will be accompanied by greater 
steric repulsion and increase the energy required to form the C-C 
bond. This result also supports the concept of a (3-ketoacid inter¬ 
mediate, as the subsequent decarboxylation of a formed |3-ketoacid 
is known to be very energetically feasible and independent of the 
carbon chain length. 

3.1.5. Ketonization mechanisms on zeolite catalysts 

The ketonization reaction has also been reported to occur over 
acidic zeolites, although much less is known of this path when com¬ 
pared with reducible oxides. This reaction is proposed to occur by 
a primary dehydration over the zeolite to form an acyl species that 
subsequently reacts with an adjacent adsorbed carboxylate to form 
the ketone. While the formation of the acyl species has been stud¬ 
ied for the more mild Friedl Crafts Acylation reaction, few studies 
have explored temperatures and environments containing water 
that would be amenable for biofuels production. One complication 
from a mechanistic perspective is the rapid aldol condensation that 
occurs in zeolites under high temperature conditions. In a recent 
review in the literature, we have proposed the schematic shown 
in Fig. 3 to explain the ketonization reaction over protonated zeo¬ 
lites [27], Little is known about the promise for this reaction in the 
presence of the high water partial pressures that will accompany 
streams containing carboxylic acids derived from biomass, but this 
is an important area for investigation in the near future. 

3.2. Stabilization offuranics and other unsaturated heterocyclic 
compounds 

Fig. 4 illustrates some of the unsaturated heterocyclic com¬ 
pounds present in bio-oil as a result of the dehydration of cellulose 
and hemicellulose fragments. The most commonly observed het¬ 
erocyclic compounds contain four-carbon (furan) or five-carbon 
(pyran) rings. Connected to the ring, they usually contain car¬ 
bonyl, hydroxyl, or methyl groups, but these compounds never 
have more than six carbons in the molecule. For example, deriv¬ 
ing from hexoses, HMF and maltol have six carbons, deriving from 
xylose, furfural has five, and furanone has four. Therefore, a simple 
hydrotreating (HDT) processing of these furanic compounds would 
only produce light alkanes, with little value as fuel components. 
Moreover, without a stabilization step, furanic compounds would 
tend to form humins in the liquid phase and coke at high tem¬ 
peratures. Furanic compounds are generally reactive and, in the 
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Fig. 3. Proposed route for acetic acid conversion to acetone over acidiczeolites[27]. 



Fig. 4. Typical unsaturated heterocyclic compounds found in pyrolysis oil. 
presence Of the typical acidity Of the bio-oil, they tend to promote (a) Furfural; (b) 3-methyl-2 furanone; (c) Maltol (or 3-Hydroxy-2-methyl-4H- 

polymerization and degradation. For example, if left in storage at pyran-4-one); (d) 2-Furanmethanol (or Furfuryl alcohol); (e) 5H-furan-2-one; (f) 

room temperature for several days, furfural darkens and forms tarry 5-hydroxymethylfurfural (HMF). 

products resulting from polymerization reactions, which become 
faster at higher temperatures. 
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Dealing with the presence of furanic compounds in bio-oil is 
one of the most challenging tasks for researchers working in the 
upgrading of bio-oil. Therefore, it is important to investigate the dif¬ 
ferent catalytic approaches available to convert these compounds. 
First, it is necessary to build up their molecular weight in order to 
bring them up to the appropriate fuel range (e.g. C 8 -Cn for gaso¬ 
line or Ci4—C22 for diesel). Then, a hydrodeoxygenation step could 
be applied to convert the resulting product to hydrocarbons. 


3.3. Condensation of light oxygenates and furanic compounds 

One of the options that bio-oil refiners could have to build-up 
the carbon chain and incorporate light oxygenates into the fuel 
pool is the formation of C-C bonds via aldol condensation. In aldol 
addition, an a-H is removed from the basic site of the catalyst, 
generating an enolate that can readily attack the electrophilic end 
of a carbonyl in a second molecule. Therefore, the aldol reaction 
requires the presence of an ct-H in one of the molecules condens¬ 
ing and an available C=0 group in the other. After the aldol addition, 
the formed dimer can further dehydrate completing the aldol con¬ 
densation. 

Understanding the potential of this interesting strategy requires 
some detailed discussion and further analysis. For example, Huber 
et al. [39,40] pointed out that contrary to sugars, which cannot 
undergo the aldol reaction because the formation of ring struc¬ 
tures makes the carbonyl group unavailable, furfural and HMF have 
readily available C=0 groups. However, they cannot undergo the 
self-aldol reaction either because they do not contain an a-H atom, 
which is requisite for this reaction. Therefore, these compounds 
require the presence of an accompanying co-reactant that is able to 
form a carbanion. We have called attention to the strategic advan¬ 
tage of using acetone in the specific case of bio-oil upgrading [41 ]. 
As mentioned above, acetone can be readily obtained by ketoniza- 
tion of acetic acid, an abundant component of bio-oil. Therefore, 
from a tecnoeconomical point of view, acetone appears as an attrac¬ 
tive chemical building block. 

The effectiveness of acetone as a co-reactant for furfural 
and HMF was first demonstrated using a Mg-Al-oxide cata¬ 
lyst prepared by co-precipitaion, producing larger oxygenates. 
A range of condensation products was obtained. In particular, 
when one furfural and one acetone condense, the resulting C 8 
(FA) product is 4-(2-furanyl)-3-buten-2-one. When the C8 fur¬ 
ther condenses with another furfural, the C13 (F2A) product is 
l,5-bis-(2-furanyl)-l,4-pentadien-3-one. Replacing furfural with 
HMF results in the corresponding C 9 (or C15) products. Subsequent 
dehydration/hydrogenation can effectively hydrodeoxygenate the 
products, yielding hydrocarbons in the right molecular weight 
range for fuels (C 8 -Ci 5 ). 

Following Dumesic’s pioneering study, which aimed at the con¬ 
version of sugar-derived compounds, the effective combination 
of aldol condensation of furanics and hydrodeoxygenation has 
been validated by other groups on different systems. For exam¬ 
ple, Shen et al. [42] compared the performance of MgO-Zr0 2 , NaY, 
and ammine-substituted NaY zeolites as catalysts for the con¬ 
densation of furfural (C5) with acetone and propanal (C3). They 
observed that MgO-ZrC>2 resulted in higher selectivity to double 
aldol-condensation with a ratio of furfural-acetone (FA, C 8 ) to di¬ 
furfural-acetone (F2A, C13) of 0.8, while NaY and ammine-NaY gave 
better selectivity to the C 8 product with ratios of C 8 to C13 of 2.2 
and 9, respectively. Similarly, Huang et al. [43] investigated a series 
of MgO/NaY catalysts varying MgO loading, feedstock composition, 
reaction time and temperature. Their results indicate that the 20% 
MgO/NaY catalyst was most effective at 85 °C during 8 h and could 
be regenerated after reaction. The ratio of furfural-acetone (FA) to 


di-furfural-acetone (F2A) products was about 40/60 with the total 
yield of condensation products near 100%. 

3.3.1. Aldol condensation in biphasic water/organic emulsions 

Adding to these efforts, with the focus in bio-oil upgrading, our 

group used the novel concept of stabilizing the water/organic oil 
interface in emulsions with amphiphilic nanoparticles composed 
of functionalized carbon nanotubes (CNT) fused to metal oxides 
to catalyze different reactions in each phase [44-47], By careful 
synthesis of the nanostructured particles, we were able to place 
metal catalysts preferentially on the hydrophobic side and basic 
catalysts on the hydrophilic side. This hybrid configuration can 
be used to control the selectivity of reactions occurring in one or 
the other phase for molecules that have low solubility in one of 
them. Also, increasing the interfacial area between the two phases 
by generating emulsions, results in higher overall rates of reaction 
when they are controlled by the rate of mass transfer. Finally, the 
continuous reaction and separation of products, based on their rel¬ 
ative solubilities can be efficiently combined. The amphiphilicity 
of these nanohybrids is due to the combination of hydrophobicity 
of the nanotubes with hydrophilicity of the metal oxides [48-52], 
These oxides are the catalyst support used during the growth of 
the nanotubes and can be chosen to be a basic oxide such as MgO 
that has aldol condensation activity. By fine-tuning the composition 
of the nanohybrids, it is possible to tailor the emulsion proper¬ 
ties (volume, droplet size, emulsion type), the metal dispersion 
and location and, therefore, the resulting product distribution [46], 
We used these nanohybrid catalyst emulsions for the combined 
aldol condensation/hydrodeoxygenation reaction in a single reac¬ 
tor. We found that by tailoring the catalyst surface, one can improve 
the overall yield. Among different basic oxides tested as both, sup¬ 
ports for the growth of carbon nanotubes and aldol-condensation 
on their surface, MgO was most effective. In agreement with previ¬ 
ous studies, both the FA (C 8 ) and F2A (C13) products were observed. 
It was observed that the Canizzaro reaction is a side reaction in 
which, by the presence of OH groups, furfural undergoes dispro¬ 
portionation into the corresponding alcohol and acid. In turn, these 
products undergo esterification, which yields 2-furancarboxylic 2- 
furanmethyl ester (Cio). The most interesting aspect of this study 
was that the subsequent hydrodeoxygenation of the aldol prod¬ 
ucts was conducted in the same biphasic system (see Fig. 5). By 
incorporating Pd onto the carbon nanotubes we were able to hydro¬ 
genate the aldol-condensation products in the same emulsion 
system to more stable intermediate products [47], Subsequently, 
fully deoxygenated long-chain alkanes (in this case, tridecane) were 
obtained by increasing the reaction temperature. In the same study, 
the effect of co-feeding other components typical of bio-oil was 
investigated. The co-feeds, added to acetone and furfural, included 
propanal, methanol, acetol, and acetic acid. As expected, the most 
dramatic inhibition was observed when acetic acid was added to 
the nanohybrids containing MgO, which essentially eliminated the 
aldol-condensation activity. This result further supports the above 
concept of the need for separating different families of compounds. 

3.4. Reductive conversion of furanic compounds 

3.4.1. Hydrogenation of the carbonyl group 

In the presence of protons, furanic compounds tend to form dark 
cross-linked polymers. For example, furfuryl alcohol is thought 
to polymerize via condensation of the OH group with the reac¬ 
tive H at the C5 position in the furanic ring. The high activity 
towards this reaction is enhanced by the presence of the O atom 
and the ring unsaturation. Moreover, the branching and cross- 
linking that lead to formation of gels of these polyconjugated 
dark-colored compounds are thought to occur via the interaction of 
disubstituted furan rings with non-furanic unsaturated fragments 
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Fig. 5. Schematic illustration of the aldol-condensation and hydrogenation reactions taking place at the water/oil interface in nanohybrid-stabilized emulsions [47], 


[53], Therefore, if H 2 is available, reductive conversion (i.e., hydro¬ 
genation and hydrodeoxygenation) catalyzed by metals may be a 
viable option for reducing the instability of furanic compounds [ 54] . 
Sitthisa et al. [55] have pointed out that the selectivity of furanic 
compound conversion strongly depends on the type of adsorbed 
surface species that can be stabilized on the catalyst surface. In addi¬ 
tion to the oxygenated functionality, furanics contain the aromatic 
furanyl ring that can be also hydrogenated. Therefore, metal cata¬ 
lysts that have high affinity for the unsaturated C=C bonds catalyze 
the saturation of the ring. Both, geometric and electronic proper¬ 
ties of the metals can affect the selectivity towards the different 
reductive conversion paths. 

Group IB metals are less active than Group VIII metals, but 
significantly more selective towards production of alcohols by 
hydrogenation of the carbonyl group rather than the furanyl ring. 
Accordingly, Cu has been the most common IB metal used as a cata¬ 
lyst for hydrogenation of furanics, both in scholarly articles [56-62] 
as well as industrial patents [63,64]; Ag and Au have been inves¬ 
tigated to a much lesser extent [65], Cu is much more selective 
than Ag or other metals in a broad temperature range. Sitthisa 
et al. [62] studied furfural hydrogenation over a Cu/Si0 2 catalyst 
showing selectivities to furfuryl alcohol above 98%, even at temper¬ 
atures above 200 °C. Beyond 250 °C, even Cu becomes less selective 
and starts catalyzing other reactions, such as hydrogenolysis. The 
reason for the high selectivity of Cu towards carbonyl hydrogena¬ 
tion without saturation of the ring can be explained in terms of the 
nature of the adsorbate species that can be stabilized on Cu surfaces. 
Both, theoretical DFT calculations and spectroscopic measurements 
support the concept that furfural adsorbs on Cu perpendicular to 
the surface in a T]l(0)-aldehyde configuration, as illustrated in 
Fig. 6. 

Using DRIFT spectroscopy, Sitthisa et al. [62] compared the C=0 
stretching vibration frequency of the furfural adsorbed on pure Cu 
and that of gas phase furfural. While the latter is 1720 cm -1 the 



r)l-(acyl) 


Fig. 6. Different surface species for the adsorption of furfural on metals. 


former appears at around 1670 cm -1 , downshifted 50 wavenum¬ 
bers, indicating a weakening of the C=0 bond as a result of the 
interaction with the surface [66,67], By contrast, the bands corre¬ 
sponding to the vibration of the furanyl ring remained unchanged 
when compared the adsorbed species and gas phase furfural, which 
clearly indicates that the furanyl ring is not distorted upon adsorp¬ 
tion and does not interact with the metal surface. 

3.4.2. Hydrogenation of the furanyl ring 

Pd shows a contrasting behavior with that of Cu. Due to the nar¬ 
row width and favorable position of its d-band center, Pd favors 
the interaction with ethylenic bonds and aromatic rings [68], As 
a result, instead of the perpendicular adsorption configuration 
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Fig. 7. Preferred adsorption configurations of furfural on Cu(lll), from ref. [62] and Pd(lll) from ref. [71 ]. 


observed on Cu, furfural can adsorb parallel to the surface, thus 
allowing the formation of the r| 2 (C,0)-aldehyde configuration illus¬ 
trated in Fig. 6. Experimental evidence for the formation of this 
species has been provided by surface science observations on sin¬ 
gle crystals [69,70] as well as by DFT calculations [71,72] that also 
suggest that the preferred adsorption of furfural on Pd(lll) is in 
a r]2(C,0)-aldehyde configuration with the furanyl ring oriented 
nearly parallel to the metal surface (see Fig. 7). This configuration 
makes hydrogenation of the furanyl ring on Pd readily possible, 
which would yield the saturated alcohol as the major product. 
In fact, at low reaction temperatures this is experimentally veri¬ 
fied. That is, Pd can hydrogenate both the carbonyl group and the 
furanyl ring, producing tetrahydrofurfuryl alcohol. Ni and Pt also 
exhibit significant activity and selectivity at low temperatures in 
both vapor and liquid phases on different supports. For example, 
Ni catalysts have been used at low temperatures (100 °C) in the 
liquid phase, exhibiting >95% selectivity to furfuryl alcohol [73,74], 
Likewise, supported Pt catalysts doped with transition metal oxides 
have exhibited high selectivity, e.g., Pt/Ti0 2 /Si0 2 (selectivity = 94%) 
and Pt/Zr0 2 /Ti0 2 (selectivity = 95%) [75], but only at low reaction 
temperatures. 


3.4.3. Decarbonylation of furfural and HMF 

A more interesting reaction occurs at higher temperatures on 
Group VIII metals. In the (t| 2 -(C-0) aldehyde) configuration, the 
carbonyl binds to the metal surface through the carbonyl tt orbital, 
with overlap between the d electrons of the metal and the tt* orbital 
of the carbonyl. The back-donation from the metal results in a 
stronger metal-aldehyde bonding than in the case of the t] 1 -mode. 
As the temperature increases, the strongly adsorbed T| 2 species is 
converted into a more stable acyl surface species in which the C 
atom of the carbonyl remains strongly attached to the surface (see 
Fig. 6). Interestingly, instead of hydrogenation, this acyl species is 
the precursor for the decarbonylation reaction, which produces 
furan and CO. In fact, it has been observed that the selectivity to 
decarbonylation significantly increases as a function of tempera¬ 
ture, which is consistent with an activated conversion of t] 2 (C,0) 
into the acyl species that increases decarbonylation while reducing 
hydrogenation. 

The decarbonylation reaction of furfural to furan has been 
widely investigated in both, vapor and liquid phases and on metal 
catalysts such as Pd, Pt, Rh, and Ni [55,76-79], in all cases producing 
high yields at rather mild conditions. 



Fig. 8. Product selectivity at the same overall conversion of furfural over different 
metal catalysts, from ref. [81], 


3.4.4. C-0 hydrogenolysis of furfural 

If the furanics upgrading strategy uses the aldol-condensation 
route, the product still requires selective deoxygenation to produce 
compounds acceptable as components of transportation fuels. A 
highly desirable outcome of this deoxygenation step is preserving 
C-C bonds while effectively breaking the C-0 bonds. Therefore, it 
is important to investigate what catalysts are effective for this task. 
Catalysts that are only active for hydrogenation, such as Cu, cannot 
remove 0. By contrast, catalysts that are active for decarbonyla¬ 
tion, such as Pd or Ni, result in undesirable carbon losses. Catalysts 
that are active for C-0 hydrogenolysis would be most desirable. For 
example, furfural could be converted into 2-methylfuran, which 
has intrinsically good fuel properties, i.e., high octane number, 
RON = 131, low water solubility, 7 g/L [80], 

Sitthisa et al. [81 ] have recently found that while Ni is an active 
catalyst for decarbonylation, the addition of Fe causes a drastic 
change in selectivity, lowering the decarbonylation activity and 
enhancing the selectivity to C-0 hydrogenolysis, as illustrated in 
Fig. 8. Interestingly, it was found that the hydrogenolysis reaction 
occurs after furfural has been hydrogenated to furfuryl alcohol. 
That is, when the characteristic decarbonylation activity of Ni is 
suppressed, the only reaction that remains for furfural is C=0 
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Fig. 9. Proposed reaction pathway for the ring opening of furfuryl alcohol to 


Levulinic acid 

d involving a series of hydration and dehydration steps, from [54], 


hydrogenation. Subsequently, the resulting alcohol is readily con¬ 
verted to methylfuran via C-0 hydrogenolysis. The selectivity to 
2-methylfuran is an interesting case. Since the C, -Oi hydrogenol¬ 
ysis occurs only on furfuryl alcohol and this product is not favored 
on pure Ni, particularly at the high temperatures required for C-0 
hydrogenolysis, very small amounts of 2-methylfuran are produced 
on monometallic Ni. This situation is radically changed when Fe 
is added to the Ni-based catalysts. Ni-Fe alloy catalysts produce 
2-methylfuran in high yields and high selectivity. DFT calcula¬ 
tions suggest that the oxophilic nature of Fe makes the di-bonded 
•q 2 (C,0)-furfural more stable than on the pure Ni surface. The longer 
Cj-Oj bond length of the adsorbed ai 2 (C,0)-furfuryl alcohol indi¬ 
cates that the overall stronger interaction of the C=0 group with 
the Ni-Fe alloy surface results in the weakening of the Ci -Oi bond, 
which favors the C-0 bond cleavage during hydrogenolysis. 

3.4.5. Furanyl ring opening 

A reaction that has received a great deal of attention in recent 
years is the acid-catalyzed ring opening of furfuryl alcohol and HMF 
to produce levulinic acid. As shown in Fig. 9 for the case of furfuryl 
alcohol, this reaction is believed to proceed by a series of hydration 
and dehydration steps, which result in the opening of the furfuryl 
ring and formation of levulinic acid [54,82], Serrano et al. [83] have 


proposed a conversion strategy for levulinic acid that results in high 
yields of nonanone, which could be readily converted into diesel 
or gasoline components. First, they found that, over a Ru/C cata¬ 
lyst, levulinic acid can be converted to gamma valerolactol (GVL) 
in high yield and selectivity. Subsequently, GVL can be ring opened 
to pentanoic acid, which is finally condensed into the C9 ketone via 
decarboxylative ketonization. They found that Pd/Nb 2 Os can cat¬ 
alyze the direct conversion of GVL to nonanone, but much higher 
selectivity is obtained if this step is conducted in two separate steps, 
i.e., ring opening of GVL followed by ketonization of the pentanoic 
acid on CeZr0 2 . 

Ring opening of furanics can also be accomplished on metal 
catalysts by different pathways, as shown in Fig. 10. If hydrodeoxy¬ 
genation occurs before the ring opening, the products obtained 
are largely alcohols, such as butanol and 2-pentanol. If only 
hydrogenation, without deoxygenation, precedes the ring opening, 
1,5-pentanediol is obtained. Alcohols may have value as gasoline 
components; diols can be used as co-monomers in the production 
of polyesters and polyurethanes [84], 

Among the metal catalysts able to catalyze the ring open¬ 
ing reaction, one can mention Ni [55,85], Rh [86], Pt [87], and 
Cu-chromite [58], The selection of catalyst determines which 
of the pathways in Fig. 10 can be preferentially followed. For 


Ho 



{jn° 

i I 

(r O 


Ho 




o 


OH 



OH 


1,5-Pentanediol 


2-Pentanol 1-Butanol 


Fig. 10. Ring opening of furfural after initial hydrogenation, hydrogenolysis, or decarbonylation reactions on metal catalysts. 
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instance, butanol is produced from furfural on Ni catalysts, on 
which the reaction starts with decarbonylation, yielding furan 
that can be ring-opened to butanol. By contrast, 1,5-pentanediol 
and 2-pentanol are obtained when the first steps in the reaction 
sequence are hydrogenation and hydrogenolysis, respectively. For 
example, butanal, butanol, and butane, which are derived from 
the ring opening of furan are observed as main products from the 
conversion of furfural over a Ni/Si02 catalyst at >200 °C. On this 
catalyst, furfural decarbonylation to furan is readily catalyzed at 
these high temperatures [55], On the other hand, at lower tem¬ 
peratures (140 °C) hydrogenation of furfural to furfuryl alcohol 
is preferred over Ni catalysts. As a result, at low temperatures 
the ring opening produces mainly 1,5-pentandiol. Recent studies 
conducted by Tomishige’s group [86] on Rh/Si02 catalysts for the 
ring opening of furanics in an aqueous solution has shown that 
saturation of the furanyl ring occurs first, followed by ring open¬ 
ing at a very low rate resulting in low yields of 1,2-pentanediol. 
However, after the addition of MoO x , a remarkable increase in 
activity was observed and the product selectivity shifted from 1,2- 
pentanediol to 1,5-pentanediol (>93% selectivity). This interesting 
change in selectivity was explained in terms of the interaction of 
the tetrahydrofurfuryl alcohol with oxophilic MoO x species and 
cleavage of the C-0 bond catalyzed by neighboring Rh sites. The 
general concept is that the noble-metal is partially covered by the 
low-valent metal oxide. Thus, the interface of the two species con¬ 
stitutes the bifunctional catalytically active site. Accordingly, the 
C-0 hydrogenolysis would start by the interaction of the alcohol 
with the metal oxide moieties resulting in the formation of a ter¬ 
minal alkoxide. Subsequently, the C-0 cleavage would be catalyzed 
by the adjacent noble-metal [88], These authors expanded the con¬ 
cept to similar pairs of noble-metal/low-valent metal oxides, such 
as Rh-Re, Ir-Re, and Rh-Mo, which seem to result in comparable 
yields and selectivities [89-93]. 

As a result, one can conclude that, depending on the reaction 
temperature and the metal chosen as a catalyst for reductive con¬ 
version, it is possible to choose whether one can produce furanyl 
alcohols (carbonyl hydrogenation), saturated furanyl rings (ring 
hydrogenation), furan (decarbonylation), deoxygenated products 
that preserve the number of carbons (hydrogenolysis), or open- 
chain alcohols (ring opening). 

3.5. Conversion ofphenolics 

The decomposition of lignin present in biomass yields a vari¬ 
ety of phenolic compounds that typically contain from one to three 
oxygenated functional groups in the form of phenolic OH groups or 
methoxy groups attached to the ring. The conversion of phenolics 
is very appealing due to their chemical similarity to gasoline, as 
they contain an aromatic ring with an already existing C-C back¬ 
bone that would result in a product that could be incorporated into 
the gasoline pool upon deoxygenation. The greatest challenges are 
associated with the deactivating nature of these compounds, the 
selective removal of the strongly bound phenolic OH groups with¬ 
out consuming excessive hydrogen to saturate the aromatic ring, 
and the preservation of C contained in methoxy groups so they are 
incorporated into the liquid fuel range. 

3.5.1. Conversion of methoxy groups 

Because phenolic compounds present in bio-oil typically con¬ 
tain one to two methoxy groups attached to the ring, traditional 
hydrotreating cleaves these methoxy groups from the ring to pro¬ 
duce low-value light gases. While the portion of lignin in the 
biomass can vary from 10 to over 40% of the biomass, the methoxy 
groups account for 10-15% of the carbon of the phenolic com¬ 
pounds resulting from this fraction. This could be a significant gain, 
as the preservation of the carbon present in methoxy groups has 


the potential to increase overall carbon yields arriving in the liquid 
fuel by 10% [8], 

An effective strategy for the preservation of methoxy car¬ 
bon in the liquid fuel range is to incorporate acidity into the 
catalyst to promote disproportionation and transalkylation reac¬ 
tions. Several studies have investigated the reaction pathways 
of methoxyphenols over acidic zeolites [94-98], with conflicting 
theories regarding the monomolecular disproportionation vs. 
bimolecular pathways [99-102], A recent kinetic study by Zhu 
et al. [103] compared both pathways with the methoxy contain¬ 
ing aromatic compound anisole and blends of anisole with phenol 
over HZSM-5. By creating kinetic models with both options and 
attempting to fit reaction data obtained in the gas phase at 400 °C, 
they concluded that the monomolecular pathway was negligible. 

One challenge associated with the introduction of acidity to a 
stream of phenolic compounds is the rapid catalyst deactivation 
that typically occurs due to the strong adsorption of phenolics to 
acidic catalysts including zeolites [104], One approach for alleviat¬ 
ing these challenges is to introduce a metal capable of dissociating 
hydrogen, and coupling this with the acid function [105,106]. This 
approach not only extends catalyst lifetime, but also results in some 
deoxygenation of phenolic OH groups. 

3.5.2. Phenolics over metals supported on reducible oxides 

An alternative to the combined zeolite/metal approach is to 
incorporate a reducible oxide support. Boonyasuwat et al. [107] 
recently studied the conversion of the methoxyphenolic compound 
guaiacol over Ru catalysts supported on a variety of supports 
including carbon, Si02, 7-AI2O3, and Ti02. They found that while 
comparing the activity of the support alone, 7-AI2O3 was the 
most active catalyst for transalkylation to convert guaiacol to 
methylcatechol, upon the introduction of Ru metal capable of 
dissociating hydrogen, the TiC>2 supported catalyst resulted in sig¬ 
nificantly higher activities when compared to Ru supported on 
other supports. A scheme depicting the products resulting from 
the conversion of guaiacol over the two functions is illustrated in 
Fig. 11. After analysis of the metal particle size, it was concluded 
that the enhanced activity was not due to the dispersion of the 
metal, but the creation of new active sites that result from the 
reduction of Ti0 2 in the presence of a metal capable of dissociating 
hydrogen. 

The nature of these sites were further investigated by Omotoso 
et al. by preparing a series of catalysts of Ru/TiC>2 with varying metal 
particle size and exposed metal perimeter surface area. After nor¬ 
malizing the rates to the surface area of the metal as well as the 
perimeter sites, it was concluded that the new active sites created 
for the conversion of guaiacol were due not only to the sites located 
at interface of the metal particle and the TiC>2, but also new reduced 
Ti 3+ sites created by spillover of hydrogen to the support [108], 

3.5.3. Phenolic C-0 cleavage 

The conversion of phenolic compounds over metals typically 
results in excessive hydrogen consumption resulting in saturation 
of the ring at temperatures below 300 °C. Because the hydrogenol¬ 
ysis of a C-0 bond in a phenolic compound requires the breaking 
of the aromaticity of the ring, these bonds inherently are not easily 
hydrogenated and require severe conditions. 

Typical catalysts used in refineries to hydrogenate petroleum 
feedstocks are sulfided C0M0 and NiMo catalysts. While several 
groups have studied the conversion of phenolic compounds over 
these conventional catalysts [109], the absence of sulfur present in 
the bio-oil streams requires the incorporation of H 2 S into the bio-oil 
to maintain activity of the catalysts, which is not an ideal situation 
unless the bio-oils are to be co-processed with petroleum derived 
streams. This has led many groups to explore the use of noble metal 
catalysts, for example Pt and Pd, due to their high reactivity and the 
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absence of a sulfur requirement [110-112], The high costs typically 
associated with noble metals has led many groups to explore the 
use of base metals for the HDO of phenolic compounds, while com¬ 
bining base metals with acid sites to target hydrogenation with 
transalkylation, as mentioned in Section 3.5.1 [113-116]. 

A recent breakthrough in the field results in the combination of 
a base metal with a more oxophilic metal. Nei et al. [117] recently 
reported high selectivity to toluene from cresol by the use of Ni-Fe 
bimetallic alloys. Interestingly, under conditions that did not ther¬ 
modynamically limit hydrogenation of the ring, this pathway was 
greatly suppressed over this catalyst. DFT calculations confirmed 
that the presence of the Fe had a great influence of the adsorption 
geometry of the phenolic compound on the catalyst surface, shifting 
the binding mode to favor adsorption through the phenolic oxygen 
rather than flat adsorption of the aromatic ring. 

While several authors have proposed a combination of hydro¬ 
genation or partial hydrogenation coupled with dehydration to 
explain the production of toluene from cresol, Nei et al. [ 117 ] found 
that by introducing the saturated alcohol, cyclohexanol, over a 
Ni/Si02 catalyst, dehydration of the saturated alcohol was found 
to not be a significant step. In order to explain both the produc¬ 
tion of toluene over metals lacking acidity as well as the enhanced 
selectivity to toluene upon the incorporation of Fe, the authors pro¬ 
posed an alternative pathway for the production of aromatics from 
phenolic compounds through a tautomerizaiton pathway as indi¬ 
cated in Fig. 12. This pathway involves an initial tautomerization 
step that can explain how a molecule that tautomerizes and con¬ 
verts the ketone group to the corresponding alcohol, will have a 
strong driving force to dehydrate to toluene, which may explain 
why the toluene to methylcyclohexane ratios observed over these 
catalysts were actually above the equilibrium, which is the opposite 


trend to what one would expect if the molecules were produced by 
saturation of the ring followed by dehydration. 

3.5.4. Alkylation ofphenolics with light alcohols 

Following the ketonization step of the small acids, the result¬ 
ing ketones can be hydrogenated to secondary alcohols, which are 
known to be effective alkylating agents [118,119], As mentioned 
above, acetone is an abundant ketonization product from the light 
fractions of bio-oil. Hydrogenation produces isopropanol, which 
can be combined with the phenolics fraction from bio-oil to gen¬ 
erate alkylphenols in the C10-C13 range. The combined strategy 
of ketonization, selective hydrogenation, and alkylation is there¬ 
fore an effective method to incorporate small oxygenates into the 
desirable carbon-chain fuel range. This approach not only stabilizes 
the bio-oil by removing acids, but it enhances the carbon retention 
in the liquid. Alkylation can be conducted in both the vapor and 
the liquid phase. We have shown that H-beta zeolite is an effective 
catalyst for alkylating cresol with isopropanol in the vapor phase 
[120], However, as previously described, re-heating the whole bio¬ 
oil or its fractions leads to an increase in the rate of degradation. 
Therefore, it is desirable to conduct the alkylation reaction in the 
liquid phase. However, the high water content of bio-oil presents 
a challenge for catalyst stability in the liquid phase. In a recent 
study, Nei et al. [ 120 ] have shown that by functionalizing HY zeolite 
with organosilanes a material with superior properties is obtained. 
After functionalization, the external surface became hydrophobic, 
the defects on the zeolite were capped and the stability of the zeo¬ 
lite was greatly enhanced. Remarkably, the catalytic activity of the 
internal acid sites was preserved. By using this functionalized zeo¬ 
lite mono and di alkylated cresols were obtained at 200 °C in a 
bi-phasic system in which the water and organic phases created 
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Fig. 12. Proposed reaction pathways for the conversion of m-cresol over metals with varying oxophilicity and hydrogenation activities, in the absence of strong acid sites, 
from ref. [117], 


an emulsion stabilized by the hydrophobic zeolites that played the 
dual role of emulsifiers and alkylation catalysts. Due to the high 
concentration of water-soluble compounds present in bio-oil and 
the low water solubility of the targeted products, biphasic emul¬ 
sions stabilized by catalytic particles are a promising system that 
maximizes the interfacial exchange area for simultaneous reaction 
and separation [121-123], Hydrophobic zeolites tend to prefer¬ 
entially locate at the water/organic oil interface, which not only 
help in stabilizing the emulsion but also in enhancing the mass 
transfer of reactants and products. However, in general, hydropho- 
bization of zeolites results in the loss of Bransted acid sites, which 
are essential for alkylation. In the hydrophobization method that 
was used, the silylation agent octadecyltrichlorosilane (OTS) selec¬ 
tively reacted with silanol groups, leaving the Bransted acid sites 
available for reaction. 

Table 2 illustrates the different extents of m-cresol alkylation 
obtained over the parent and functionalized zeolites at 200 °C after 
3 and 22 h in a batch reactor operating in emulsion [119]. The 
untreated zeolite showed low activity at the end of the 22 h reaction 
period. Interestingly, even after the shorter reaction period (3 h), 
the untreated zeolite had a much lower activity than the silane- 
functionalized zeolite, which is consistent with the rapid loss in 
crystallinity observed by XRD. By contrast, the OTS-functionalized 
zeolite kept its activity and reached almost 100% conversion 
after 22 h of reaction, as expected from the very low losses in 


Conversion of m-cresol and di/monoalkylated product ratio from the alkylation reac¬ 
tion of m-cresol and 2-propanol at 200 °C and 700 psi of He over untreated and 
functionalized HY zeolite (Si/Al molar ratio: 30). Feed: isopropanol/m-cresol molar 
ratio: 3: total molar concentration: 2 M. From ref. [119]. 

Zeolite 3 h reaction 22 h reaction 


m-cresol di/mono- m-cresol di/mono¬ 
conversion alkylated conversion alkylated 


Untreated 10.0 0.38 11.8 0.52 

OTS-functionalized 20.0 0.57 97.0 1.47 


crystallinity and acid density observed for this material. The 
ratios of di- to mono-alkylated products are also included in 
Table 2. Clearly, the multiple- to mono-alkylate ratio increases 
with reaction time on the functionalized zeolite, indicating that 
mono-alkylates are primary products that are subsequently further 
alkylated to di-alkylates and even tri-alkylates, to a lower extent. 

3.6. Partial oxidation 

Paradoxically, while the main goal of bio-oil upgrading is the 
elimination of oxygen such that the compounds can be incorpo¬ 
rated into the fuel stream, a selective oxidation step might be an 
advantageous strategy if such oxidation results in an enhanced 
stability of a stream. For example, Xu et al. [124] have proposed 
a partial oxidation pretreatment of bulk bio-oil with the goal of 
converting aldehydes to carboxylic acids, which can be further 
converted via esterification to a more stable and transportable 
intermediate. However, this approach in general dramatically 
increases the acidity of the oil, which is already a significant 
problem, and under certain conditions the increased acidity could 
conceivably result in excessive polymerization during the oxidation 
process. 

Another potential application of partial oxidation of intermedi¬ 
ate products from biomass is in the area of specialty chemicals. For 
example, the oxidation of HMF can result in furandicarboxylic acid, 
a building block to produce polymers such as polyethylene 2,5- 
furandicarboxylate (PEF) from a renewable source, which might 
serve as a potential substitute for polyethylene paraphtalate (PET) 
[125], Another example of a specialty chemical that may be pro¬ 
duced from specific biomass-derived compounds is gluconic acid 
from glucose. Sugar acids such as gluconic acid are used in a variety 
of applications and industries including polymers to food additives 
[126-133], D-gluconic acid is produced via fermentation of glucose, 
with a market estimated at around 60,000 tons/year [134], 

When combined with advancements in separation, some of 
these specialty chemicals could possibly be produced from biomass 
using thermochemical means as the primary conversion step. 
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Fig. 13. Route of hydrolysis followed by part 



Recent results from our group in collaboration with researchers 
from Iowa State University demonstrate that high concentrations 
of levoglucosan could be produced after sequential condensation 
of the biomass vapors and washing to produce a sugar stream, see 
Fig. 13 [135], After some mild filtering to remove the suspended 
solid particles and furanics, the levoglucosan was hydrolyzed pro¬ 
duce glucose with 100% selectivity, followed by partial oxidation to 
produce gluconic acid, a reaction that is also 100% selective. This, 
to the best of our knowledge, is the first study for the conversion 
of a single high purity specialty chemical via the catalytic partial 
oxidation of a stream resulting from the pyrolysis of biomass. 

3.7. Competitive adsorption 

An important consideration within the catalytic upgrading of 
any bio-oil stream is the role that competitive adsorption plays on 
the overall chemistry. Because of the diverse nature of compounds 
present in bio-oil, small concentrations of a particular species can 
severely modify the chemistry of the process. Understanding the 
roles of the various functional groups on catalytic activity and the 
resulting surface coverage of the numerous species is a daunting 
task when working with real bio-oils. Because of this, one of the 
most important types of studies that can be conducted to bridge 
the gap between the knowledge that has been obtained with model 
compounds and more practical feedstocks is to study surrogate 
mixtures of compounds. 

Hakim et al. [ 136] were among the first to study blends of model 
compounds as surrogate bio-oil feeds over a ceria zirconia catalyst. 
They observed a significant inhibition of the ketonization reaction 
of acetic acid by the incorporation of furfural, even while furfural 
conversion was low. This is an indication of competitive adsorption 
occurring over the catalyst under reaction conditions. 

Hart et al. [137] recently conducted a study to probe the role 
of competitive adsorption of the various families of bio-oil com¬ 
pounds over a bifunctional catalyst, nickel supported on ceria 
zirconia. The results indicate an interesting trend of very differ¬ 
ent competitive adsorption over the nickel vs. the ceria zirconia 


support. The rate of conversion of the acid over the Ni was most 
hindered by the presence of the model compounds furfural and 
guaiacol and their products, representing the furanic and phenolic 
groups present in bio-oil. The trend was opposite over the reduced 
support, however, with acetic acid decreasing the rate of conversion 
of the phenolic and furanic species, indicating a strong adsorp¬ 
tion constant of the acid on the reducible oxide surface. This is a 
very interesting concept, in that competitive adsorption can play 
a critical role in the upgrading of real bio-oil streams, and the 
trends among functional groups should be very different for vari¬ 
ous catalysts. More importantly, the degree of inhibition of catalytic 
rates can be remarkably different over the various functions of a 
bifunctional catalyst. 

Studies with real bio-oil streams or even model compounds can 
be heavily influenced by the presence of trace levels of polymers or 
other impurities. Hart et al. observed that the deactivating nature of 
furfural is very dependent on the presence or absence of trace impu¬ 
rities. Trace amounts of polymers present in an aged furfural sample 
shifted the influence of furanic species from reversibly adsorbed 
compounds to severely deactivating polymers. 

4. Outlook 

It is obvious to expect that an increased yield of deoxygenated 
products by keeping the maximum amount of carbon in the fuel 
range with minimum hydrogen consumption would require higher 
technological complexity. Desirable research outcomes (higher 
yields/lower operating costs) could be obtained via the C-C bond 
formation strategies mentioned above as well as via development 
of better catalysts and more effective processes. The goal of future 
research should be to obtain experimental data from different con¬ 
version strategies combined with technoeconomic evaluation and 
life-cycle analysis to determine the cost/benefit ratios and make 
quantitative evaluations of the different approaches. This assess¬ 
ment will guide the decision of what complexity is required for 
given feedstocks and geographical locations (e.g. proximity to nat¬ 
ural gas sources or refineries). 
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The fractionation strategies proposed so far are a positive step in 
the direction of dividing the complex problem in a series of simpler 
ones. However, most of the product streams obtained so far are 
still complex, highly oxygenated, and unsuitable for either storage 
or, e.g., direct insertion into a petroleum refinery. With improved 
fractionation, taken separately, each stream may be much more 
readily upgraded. With these streams, catalyst deactivation and the 
formation of oligomers in the liquid may be mitigated. 
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